Curcuma wenyujin is a traditional medicinal plant in China. The non-steamed rhizomes, steamed rhizomes and steamed roots of this plant are used as herbal medicines in three clinics, namely Pian-jiang-huang (PJH), Wen-e-zhu (WEZ), and Wen-yu-jin (WYJ), and are officially listed in the Chinese Pharmacopoeia. The purpose of this study was to conduct a comparative analysis of the three essential oils extracted from the C. wenyujin rhizomes and roots using GC-MS, and in doing so thirty compounds were identified. Principal component analysis (PCA) effectively distinguished the samples taken from the three different groups. Monoterpenoids, including camphene, linalool, camphor, isoborneol, borneol and eucalyptol, were characteristic components of the PJH oil, while β-elemene, β-elemenone, γ-elemene and δ-elemene were typical components of the WEZ oil, and propanenitrile, caryophyllene oxide, (-)-caryophyllene, germacrene B, pogostol and α-humulene were representative ingredients of the WYJ oil. The ratio of sesquiterpenoids to monoterpenoids in PJH, WEZ, and WYJ were 2:1, 5:1 and 7:1, respectively. The antimicrobial activities of the three essential oils and of the six main ingredients were tested against two bacterial and one fungal strains using agar diffusion and broth dilution methods. The essential oil of PJH was shown to present a higher antimicrobial activity than that of WEZ and WYJ. Based on the Partial Least Square Model (PLS), the correlation between the antimicrobial activity of the tested oils and the identified chemical components was discussed and potential components of the antimicrobial activity were predicted according to Variable Importance in the Project (VIP) Value. The tested monoterpenes eucalyptol and isoborneol demonstrated a higher inhibitory activity than the sesquiterpenes germacrone, curdione and β-elemene. Therefore, the potent inhibitory effect of the PJH oil might be attributed to its higher content of monoterpenes. The MIC values for the essential oils and their ingredients ranged from 62.5 to 500 μg/mL.
Curcuma wenyujin Y. H. Chen et C. Ling (Zingiberaceae family) is used in Traditional Chinese Medicine for removing blood stasis, relieving jaundice, stimulating menstrual discharge, relieving pain and skin infections [1] . The non-steamed rhizomes, Pian-jianghuang (PJH), the steamed rhizomes, Wen-e-zhu (WEZ), and the steamed roots, Wen-yu-jin (WYJ), of C. wenyujin are applied traditionally as three different medicines in health clinics [1] . The three share a great deal of similarity, morphologically, chemically and genetically, but have rather distinct clinical efficacy according to Chinese medicinal theory and practice. PJH is applied for alleviating pain and skin infections, WEZ for removing blood stasis and gynecologic disorders, and WYJ as a hepatoprotective medicine [1] . As they are based on the same plant, the exact clinical usage of each of the three medicines is not clearly defined, which in many cases hinders a correct and safe treatment in TCM. Hence a comparative study of the chemical composition was needed in order to provide scientific evidence for the traditional medicinal practice.
Most species of Curcuma are used as food additives, fragrances, spices and cosmetics in Asian countries. The scientific interest in this genus is expanding. C. wenyujin features a wide range of pharmacological activities, including antitumor [2], antiinflammatory [3] , and antiviral effects [4] . Phytochemical studies of the essential oil of WEZ have shown curcumol, β-elemene, germacrone, curdione and neocurdione to be the active ingredients [5, 6] . Due to the prominent bioactivities, the essential oil of WEZ has been used for its antitumor and antivirus effects [7] . Antimicrobial compounds from plants could also greatly help to protect food from contamination during storage as well as to control infectious diseases of both plants and humans. Essential oils from plants have been used for a wide variety of purposes over many thousands of years [8] . The antimicrobial activity of Curcuma essential oil against the Gram-positive bacteria Bacillus subtilis, B. cereus, Micrococcus luteus, and Staphylococcus aureus, and the Gram-negative bacteria Klebsiella pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and the fungus Malassezia furfur have been reported [9, 10, 11] . Turmeric has been recorded as a natural antimicrobial agent for preventing skin infections in wound coverings [12] . Only limited published data about the antimicrobial activity of the essential oil of C. wenyujin is available. The aim of this study was to carry out a GC-MS analysis combined with a Principle Component Analysis (PCA) in order to further differentiate the characteristic chemical composition and the antimicrobial activities of the three essential oils of C. wenyujin in different processing procedures. PJH is traditionally used to treat skin infections. Thus, three pathogenic microorganisms provoking skin infections were used to evaluate the antimicrobial properties of the essential oils and of the six main compounds thereof.
The chemical compositions of the essential oils in the three medicines analyzed by GC-MS are presented in Table 1 according to their elution order. The three essential oils show a different chemical profile. In that of PJH, the major constituents found were monoterpenoids, such as eucalyptol, camphor, isoborneol and borneol, and sesquiterpenoids, such as curdione, curzerene and germacrone. The dominant components of WEZ were sesqui-terpenoids (more precisely curdione, curzerene, germacrone, neocurdione, β-elemenone, β-elemene and γ-elemene). The oil of WYJ contained a high percentage of curdione, curzerene, germacrone, β-elemene, β-elemenone and germacrene B. Considerable amounts of eucalyptol and camphor were present in the essential oil of PJH in comparison with the oils from WEZ and WYJ. The PJH oil also contained more isoborneol and borneol, thus indicating a high percentage of lower boiling constituents in the airdried PJH. A higher yield of monoterpenoids (eucalyptol, camphor, isoborneol, borneol) in the fresh roots and rhizomes of C. wenyujin was recorded in a previous paper [14] . In our study, lower contents of eucalyptol and camphor and higher contents of curdione, curzerene, germacrone and β-elemene were found in the essential oils of WEZ and WYJ than in those of fresh PJH, thus indicating that lower boiling point constituents were distilled off, leaving behind the higher boiling point constituents in the boiling water. β-Elemene and its analogs have previously been noted for their significant antitumor activity [15] .
Higher contents of β-elemene, β-elemeneone, γ-elemene and δelemene were detected in the essential oils of WEZ and WYJ in comparison with those of PJH. These compounds might thus be transformation products emerging during the steaming process. It can be assumed that the antitumor activity of the plant improves after being processed. Our results clearly illustrate the significance of the traditional drying process for Chinese medicines and provide scientific evidence for traditional Chinese medicinal theory and practice.
The essential oil of PJH is characterized by a relatively higher monoterpenoid and a lower sesquiterpenoid content, including monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons and oxygenated sesquiterpenes. The ratio of sesquiterpenoids/monoterpenoids was about 2:1. However, a lower percentage of monoterpenoids and a higher percentage of sesquiterpenoids were found in the essential oil of WEZ that included monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons and oxygenated sesquiterpenes The ratio of sesquiterpenoids/monoterpenoids was about 5:1. We have been able to show that the chemical compositions of the essential oils of PJH and WEZ were significantly different, in spite of the same origin. In general, the essential oil of WYJ contained a minimum of monoterpenoids and a maximum of sesquiterpenoids, including monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpene hydrocarbons and oxygenated sesquiterpenes. The ratio of sesquiterpenoids/monoterpenoids was 7:1 in the WYJ oil. Although derived from different parts of C. wenyujin they underwent the same drying process, and the essential oils of WYJ and WEZ had analogous chemical compositions, which was in line with available literature data [14] . This underpins the hypothesis that the drying process influences the chemical composition of the essential oils of C. wenyujin to a great extent.
The data for the GC-MS chemical profiles of nine oil samples were analyzed using Principle Component Analysis (PCA) in order to visualize general clustering, trends and outliers of chemical compounds of the three different essential oils. Thirty compounds were selected as variables. The relative retention times and peak areas were calculated and a matrix with 30 variables and 9 cases was established for PCA. The first two principal components (PC1 and PC2) were found to explain 79.8% of the total variability. The first two PC score plots and the loading plot are shown in Figures 1  and 2 , respectively. Nine samples were divided into three groups: 1-3 Oils of PJH, 4-6 Oils of WEZ, 7-9 Oils of WYJ. The loading plots of PCA, in which each data point represents a component (variable), revealed that those that contributed significantly to the intergroup differences were the furthest removed from the main cluster of phytochemical components. The loading plots of both PCA (Figure 2 ) indicated that the variables distributed in square A were the typical components of the PJH oil, namely camphene, linalool, camphor, isoborneol, borneol and eucalyptol. The variables distributed in square D were the characteristic components of the WEZ oil, namely β-elemene, β-elemenone, γ-elemene and δ-elemene. The variables distributed in square B were the representative components of WYJ oil, more precisely propanenitrile, caryophyllene oxide, caryophyllene, germacrene B, pogostol and α-humulene.
The antimicrobial activity of the three essential oils of C. wenyujin was studied using the agar diffusion method and the results are shown in Table 2 . The selected microorganisms included two bacterial strains (Propionibacterium acnes and Staphylococcus aureus) and one fungal strain (Malassezia furfur). PJH oil presented the highest antimicrobial activity against all microorganisms tested and to produce inhibition zone diameters ranging from 13.3 to 21.8 mm. WEZ oil showed only weak inhibitory activity against Malassezia furfur. Only a weak inhibitory effect was observed for WYJ oil. Of all the tested microbes, Malassezia furfur was the strain most sensitive to all tested essential oil samples (Table 2) .
A Partial Least Square (PLS) model was constructed in order to assess the correlation between antimicrobial properties and chemical components of the essential oils using the software SIMCA-P12.0 (Umetrics, Umea, Sweden). A VIP parameter (Variable Important in Projection, VIP>1) served to predict the most potent antimicrobial compounds as: γ-elemene, isoborneol, eucalyptol, camphene, linalool, borneol, terpinen-4-ol, α-terpineol, camphor, and β-elemeneone. The results show that the monoterpenoids have a higher inhibition activity than the sesquiterpenoids.
Six compounds, 3 monoterpenoids and 3 sesquiterpenoids, were selected to verify antimicrobial activity. Inhibition zone diameters ranged from 8.7 to 23.8 mm. Among these compounds, eucalyptol exhibited high inhibitory activity against the fungal strain with an average inhibition zone diameter of 23.8 mm. Isoborneol showed high activity against two bacterial strains that are critical human pathogenic organisms for the skin. Three sesquiterpene compounds -germacrone, curdione and β-elemene -showed mild or weak inhibitory effects. It was confirmed that the tested monoterpenes had higher inhibitory potential than the sesquiterpenes. PLS analysis was a convenient method used to evaluate the correlation of bioactivities and chemical components in a complex system.
The MIC values of the three essential oils were determined using the dilution broth method. The results are shown in Table 3 . The results of the agar diffusion method and those of MIC determination assay provided similar results. Of all the tested oils, PJH oil had the lowest MIC values of all the strains, indicating the strongest antimicrobial activities. The tested monoterpene compounds showed higher inhibition activity than the sesquiterpenoids. This suggests that the strongest inhibitory effect of the PJH oil might be due to the higher concentrations of monoterpenoids. Given the strong inhibitory effect of PJH and its monoterpenoids, further investigations are recommended in order to develop a preparation for clinical application. This paper supports the use of PJH oil in traditional medicine and related cosmetic products for the treatment of bacterial and fungal skin infections. Medical Sciences, Beijing. One hundred kg of fresh C. wenyujin rhizomes were collected and cleaned. Half was sliced into 3mm thick pieces and dried in the sun to obtain 6.5 kg of PJH (= nonsteamed rhizomes). The rest of the rhizomes was steamed in 5 L of water for approx. 2 h and then sliced into pieces 3 mm thick. After sun drying, 5 kg of WEZ remained (= steamed rhizomes). Fifty kg of fresh C. wenyuji roots were collected, cleaned, steamed in 5 L of water for approx. 2 h, sliced into 3 mm thick pieces, and sun-dried in order to obtain 10 kg of WYJ (= steamed roots).
Microbial strains:
Microorganisms were obtained from the Beijing Technology and Business University, China. Microbial strains were: Gram-positive bacteria Propionibacterium acnes (ATCC 11827), and Staphylococcus aureus (ATCC 12228), and fungus Malassezia furfur (ATCC 44344).
Isolation of essential oils:
The dried plant material (non-steamed rhizomes, steamed rhizomes, steamed roots) was ground to mesh size 50. The essential oils of the 3 different samples were extracted by hydrodistillation in accordance with the Chinese Pharmacopoeia. 
